Superconductivity appears in the cuprates when a spin order is destroyed, while the role of charge is less known. Recently, charge density wave (CDW) was found below the superconducting dome in YBa 2 Cu 3 O y when a high magnetic field is applied perpendicular to the CuO 2 plane, which was suggested to arise from incipient CDW in the vortex cores that becomes overlapped. Here, by 63 Cunuclear magnetic resonance, we report the discovery of CDW induced by an in-plane field that does not create vortex cores in the plane, setting in above the dome in single-layered Bi 2 Sr 2−x La x CuO 6 .
I. INTRODUCTION
High transition-temperature (T c ) superconductivity is obtained by doping carriers to destroy an antiferromagnetic (AF) spin ordered Mott insulating phase. Although it is generally believed that the interaction responsible for the spin order is important for the superconductivity 1 , the nature of the normal state is still unclear 2,3 . For example, in the region with low carrier concentration p (0 < p < 0.2), a pseudogap state emerges where partial density of states (DOS) is lost below a characteristic temperature T * well above T c 4 or even T N 5 . Although the nature of the strange metallic state is still under debate, it is likely connected to both spin and change fluctuations or even orders. In fact, experimental progress suggests that the spin and charge degrees of freedom are highly entangled.
For example, a striped spin/charge order was found around x∼1/8 in La 1.6−x Nd 0.4 Sr x CuO 4 (LSCO) two decades ago 6 . More recently, various forms of charge order were reported in many other systems. Scanning tunneling microscopy (STM) in Bi 2 Sr 2 CaCu 2 O 8+δ found a modulation of local DOS in the vortex cores where superconductivity is destroyed 7 , which was interpreted as due to halos of incipient CDW localized within the cores 8, 9 . Resonant elastic and inelastic x-ray spectroscopy (RXS) measurements found a short-range CDW with ordering vectors along the in-plane Cu-O bond directions, q =(∼0.3, 0) and (0, ∼0.3). The correlation length is ξ a,b ∼ 50Å for YBa 2 Cu 3 O 7−y (YBCO) 10, 11 and ξ a,b ∼ 20Å for the other systems [12] [13] [14] [15] [16] . Quite recently, it was suggested by 17 O nuclear magnetic resonance (NMR) in YBCO that such CDW is of static origin 17 . In Bi 2 Sr 2−x La x CuO 6+δ (Bi2201), most intriguingly, the onset temperature of the short-range CDW was found to coincide 12, 16 with T * that is far above T c or T N 5, 18 .
Application of a high magnetic field is useful to diagnose the interplay between various orders in the cuprates. When a high magnetic field is applied perpendicular to the CuO 2 plane, superconductivity can be suppressed substantially. In YBCO, 63 Cu NMR at H = 28.5
T revealed a long-range charge density modulation perpendicular to the CuO-chain in the sample with p = 0.108 19 . RXS also indicated that a high field induces a correlation along the CuO-chain direction and modifies the coupling between CuO 2 bilayers, thus causes a threedimensional CDW 20, 21 . These observations are consistent with early discovery of a Fermisurface reconstruction by quantum oscillations 22 and a recent report of a thermodynamic phase transition 23 .
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These findings have arisen much interests, but the origin of the CDW and its connection to superconductivity is yet unknown. As the long-range CDW onsets below T c (H = 0) and only emerges when the field is applied perpendicular to the CuO 2 plane, a wide-spread speculation is that it is due to incipient CDW in the vortex cores 7 that becomes overlapped as the field gets stronger 11, 13, 24 . In fact, a field as large as 28. 
II. RESULTS
Evidence for a field-induced CDW in underdoped Bi2201. Figures 1a-1d shows the 63 Cu-NMR satellite (3/2↔1/2 transition) lines for four compounds of Bi 2 Sr 2−x La x CuO 6+δ at two representative temperatures at H || = 14.5 or 20.1 T. As seen in Fig. 1a , no change between T = 100 K and 4.2 K is observed for the optimally-doped compound (p = 0.162).
However, the spectrum is broadened at T = 4.2 K for p = 0.135 (Fig. 1b) , and a splitting Therefore, the splitting of the satellite line ( Fig. 2a ) and the broadening of the center line ( Fig. 2b ) is due to a distribution of the Knight shift K ± δK and the NQR frequency as ν Q ± δν as observed in YBCO. Furthermore, the splitting δf satellite = 1.22 MHz is much larger than δf center = 0.271 MHz, indicating that the ν Q change is the main contributor to the observed line splitting. By a simple calculation (see Supplementary Note 1), we find that δK ∼ 0.05 ± 0.01% and δν = 2.5 ± 0.2 MHz can reproduce both the satellite and the center lines at the same time (shaded areas in Figs. 2a and 2b) . The relation ν Q = 22.0 + 39.6 p (see Supplementary Fig. 1 ) then yields a hole-concentration distribution δp ∼ 0.06 ± 0.01 at the Cu site. Since there is no spin order here (Fig. 2c) as mentioned already, the splitting of the satellite line δf (∝ δp) indicates a field-induced long-range charge distribution, i.e., a formation of CDW at low temperature in underdoped Bi2201.
Figure 2d, e shows the temperature dependence of the nuclear spin-lattice relaxation rate divided by T , 1/T 1 T and spin-spin relaxation rate 1/T 2 for p = 0.114 obtained at two different fields. At H = 9 T, both quantities decrease monotonically below T * = 230 K. At H = 13 T, however, a pronounced peak was found in 1/T 1 T at T CDW =55 K. Such a peak in 1/T 1 T is a characteristic of a CDW order 28 . The 1/T 2 also shows a sharp decrease at T CDW =55 K. These results provide further evidence for a field-induced CDW phase transition.
H-T phase diagram for underdoped Bi2201. To obtain the CDW onset temperature (T CDW ) and the threshold field (H CDW ) for p = 0.114, we study the temperature dependence of the NMR spectra at various magnetic fields (Figs. 1e, f). Relationship between CDW and superconductivity. Figure 4a , b shows the Hdependence and T -dependence of the satellite splitting δf which allow us to obtain H CDW and T CDW for various doping levels. Figure 5 shows the hole concentration dependence of The H CDW is slightly lower than that in YBCO, suggesting that CDW has a similar energy scale across different class of cuprates. However, the relationship between H CDW and H c2 is completely different from that seen in YBCO where H CDW scaled with H c2 . Namely, H CDW was the lowest at the doping concentration where H c2 was the smallest there 24 , which led to the suggestion that CDW can only be seen when the superconducting state is suppressed as the vortex cores become overlapped. In the present case, however, no vortex cores are created in the CuO 2 plane. In fact, H CDW and T CDW are more related with doping concentration itself as can be seen in Fig. 5 , rather than with H c2 . Namely, the long-range CDW order is induced more easily closer to the AF phase boundary.
III. DISCUSSION
In this section, we discuss possible CDW form and the implication of the phase diagram we found. First, the result can be understood by an incommensurate 1-dimensional (1D) long-range CDW as follows, as the situation is similar to that observed at the in-plane Cu 2F -site located below the oxygen-filled CuO chain in YBCO 19 . For an unidirectional CDW state, the wave modulation causes a spatial distribution in the electric field gradient (EFG) and thus the NQR frequency so that ν = ν Q +δνcos(φ(X)) 28, 30 , where X (= a or b axis) is the modulation direction. The NMR spectral intensity (I(ν)) depends on the spatial variation of φ(X) as I(ν) = 1/(2πdν/dφ). For an incommensurate order, φ(X) is proportional to X, so that the NMR spectrum shows an edge singularity at ν = ν Q ± δν,
. By convoluting a broadening function, a twopeak structure can be reproduced. In such case, the quantity 2δν corresponds to the CDW order parameter 28 . We emphasize that the value of δp is twice larger than that observed in YBCO 19 , indicating that a larger CDW amplitude is realized in Bi2201. This difference may arise from the different crystal structure between the two systems. YBCO is a bi-layer system while Bi2201 is single-layered. When CDW has a different phase between two CuO 2 planes, the ordering effect would be weakened or even canceled out.
It has been known that magnetic field works to induce a correlation along the CuO-chain direction and modifies the coupling between CuO 2 bilayers in YBCO 20, 21 . In the present case, the short-range CDW at zero magnetic field 12,16 could also be modified by H > 10 T to be a long ranged 1D CDW along the Cu-O direction.
Second, how about a 2D-CDW case? Recent resonant X-ray scattering measurement on Third, a 3D CDW will not show two edge singularities in ν Q distribution in any case 30 .
Therefore, we may exclude the possibility of a 3D CDW because, being different from the bilayer YBCO, the long distance between CuO 2 planes produces no CDW correlation along the c-axis in Bi2201 16 and in our case the magnetic field is applied parallel to the CuO 2 plane.
We now show in Fig. 6 how the long-range CDW emerges as the magnetic field is increased. As seen in the H-p plane at T = 4.2 K, the field-induced CDW emerges for H > 10 T in the underdoped regime. At such high fields, upon increasing doping, the AF state with T N = 66 K at p = 0.107 changes to a CDW ordered state with T CDW ∼ 60 K at p = 0.114. Upon further doping to p = 0.162 where the pseudogap persists; however, the CDW order disappears. Although a detailed analysis is difficult, a similar field-induced CDW is also found when the magnetic field is applied perpendicular to the CuO 2 plane (see Supplementary Fig. 6 ). Figure 7 compares the phase diagram with that for YBCO. In YBCO, the short-range CDW sets in far below T * and the field-induced CDW (FICDW) occurs inside the superconducting dome forming a dome-like shape 19 , while in Bi2201 the short-range CDW sets in right at T * and the FICDW emerges far above the superconducting dome and coexists with superconductivity. Figure 6 reveals several important things. First and most remarkably, down-shifting the T * curve in temperature coincides with the T CDW curve. As can be seen more directly in Fig.   8 , T CDW scales with T * . This may suggest that the psudogap is a fluctuating form of the long-range order found in this work, but more work is needed. Very recently, a polar Kerr effect 33 and an optical rotational anisotropy measurements 34 suggested that a possible phase transition takes place at T * . However, we note that the probes used are ultrafast in time scale. In NMR measurements, the time scale is in the 10 −8 s range which is much slower than the optical measurements 33, 34 , and it is reasonable that T * is seen as a fluctuating crossover temperature. Second, T N is succeeded by T CDW beyond a critical doping level at which superconductivity emerges, pointing to the important role of charge degree of freedom in high-temperature superconductivity. However, the detailed evolution from AF to CDW order under high magnetic fields is unclear at the moment. It is a future task to clarify whether the evolution is a first-order phase transition or not. The result also calls for further scrutinies of the AF insulating phase. In fact, the entanglement of the spin and charge freedoms 3,35 was recently found to occur already in the insulating phase itself 36 . In any case, our results show that CDW order is another outstanding quantum phenomenon that needs to be addressed on the same footing as the AF spin order. Finally, the first demonstration of the ability of using an in-plane field to tune the electronic state should stimulate more works that will eventually help to solve the problem of high-T c superconductivity. T c (H) is defined at the onset temperature of diamagnetism observed by ac-susceptibility measurement using NMR coil. H c2 is determined by fitting T c (H) to the WHH formula 40 .
NMR. The 63 Cu-NMR spectra were taken by sweeping the rf frequency at a fixed field below H = 15 T but they were taken by sweeping the field at a fixed frequency above H = 15 T. Measurements at H = 14.5 T were conducted at Institute of Physics, CAS, Beijing, and those below H = 14.5 T were conducted at Okayama University. High magnetic fields above H = 15 T are generated by the Hybrid magnet in the National High Magnetic Field Laboratory, Tallahassee, Florida. For 63,65 Cu, the nuclear spin Hamiltonian is expressed as the sum of the Zeeman and nuclear quadrupole interaction terms, were measured at the frequencies in the center peak (m = 1/2 ↔ -1/2 transition). The T 1 8 values were measured by using a single saturating pulse and were determined by standard fits to the recovery curve of the nuclear magnetization to the theoretical function for the nuclear spin I = 3/2 18 . The T 2 values were obtained by fits to the spin-echo decay curve of the nuclear magnetization I(t) to I(t) = I(0) exp (−2t/T 2 ) 5 .
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